In the ATLAS Muon Spectrometer, Monitored Drift Tube (MDT) chambers and sMDT chambers with half of the tube diameter of the MDTs are used for precision muon track reconstruction. The sMDT chambers are designed for operation at high counting rates due to neutron and gamma background irradiation expected for the HL-LHC and future hadron colliders. The existing MDT read-out electronics uses bipolar signal shaping which causes an undershoot of opposite polarity and same charge after a signal pulse. At high counting rates and short electronics dead time used for the sMDTs, signal pulses pile up on the undershoot of preceding background pulses leading to a reduction of the signal amplitude and a jitter in the drift time measurement and, therefore, to a degradation of drift tube efficiency and spatial resolution. In order to further increase the rate capability of sMDT tubes, baseline restoration can be used in the read-out electronics to suppress the pile-up effects. A discrete bipolar shaping circuit with baseline restoration has been developed and used for reading out sMDT tubes under irradiation with a 24 MBq 90 Sr source. The measurements results show a substantial improvement of the performance of the sMDT tubes at high counting rates.
I. INTRODUCTION
The ATLAS Monitored Drift Tube (MDT) chambers [1] account for the vast majority of precision tracking chambers in the Muon Spectrometer of the ATLAS experiment at the Large Hadron Collider (LHC), where they have to cope with unprecedented radiation background of photons and neutrons in the energy range around 1 MeV. With the upgrade of the LHC to the High Luminosity LHC (HL-LHC), which implies an increase of the radiation background rate by a factor of five, the rate capability of both the MDT detectors and their front-end electronics will exceed. Therefore, new detectors, so-called small-diameter Muon Drift Tube (sMDT) chambers with 15 mm diameter, half of the MDT, have been developed. These chambers, which are a strong candidate for precision muon detectors at future hadron colliders, are fully compatible with the MDT chambers in terms of read-out and services. The sMDT tubes have an about one order of magnitude higher rate capability than the MDTs [2] . They can be operated at much shorter electronics dead time of about 200 ns and are much less sensitive to space charge effects. The improved rate-capability of the sMDT chambers can, however, not be fully exploited with the present MDT front-end electronics due to limitations in the analog signal processing. * Corresponding author: nowak@mpp.mpg.de [3] . Due to the overlapping signal undershoot of the preceding pulse, the threshold crossing time of the successive pulse is shifted by Δt and the amplitude is reduced.
II. LIMITATIONS OF THE PRESENT READ-OUT ELECTRONICS
The present read-out chip used for both MDT and sMDT chambers is the so-called ASD (Amplifier, Shaper, Discriminator) [4] . It uses a bipolar shaping scheme, which has the advantage of guaranteeing baseline stability at high counting rates, but introduces an undershoot below the baseline with the same charge successive after a input pulse. At high counting rates with the short programmable dead time of 200 ns of the ASD used for the sMDTs, signal pulses can overlap with the undershoot of preceding background pulses leading to a reduction of the signal amplitude and a delayed threshold crossing time and, therefore, to a degradation of efficiency and spatial resolution of the drift-tube. This so-called pile-up effect is illustrated in Fig. 1 .
III. PRINCIPLE OF A BASELINE RESTORATION
The pile-up effect can be suppressed using the concept of baseline restoration (BLR) [5] . In Fig. 2a a simple baseline restoration circuit is shown which follows the bipolar shaper. Fig. 2b explains the working principle using a diode with a working point set by the diode current I Base [6] . While for positive input signals the working point is shifted forwards in the non-conducting region of the diode characteristic leading to output signals unchanged compared to the input signal, negative signals are shorted with the conducting diode to ground leading to a fast restoration of the baseline.
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IV. A DISCRETE BIPOLAR SHAPING CIRCUIT WITH ADDITIONAL BASELINE RESTORATION
In order to investigate the effect of baseline restoration on sMDT signals and to perform studies for the design of a new ASD chip, a discrete amplifier and bipolar shaping circuit with optional BLR (ASBC -Amplifier, Shaper, Baseline restorer, Comparator) has been designed and built (see Fig. 3 ). It consists of a transimpedance amplifier (gain of 10000, 700 MHz bandwidth) used as pre-amplifier, two filters for signal shaping, the BLR circuit shown in Fig. 2a and a comparator. The peaking time of the ASBC is slightly shorter than of the ASD leading to suppression of time slewing effects 1 . By setting the diode current I Base = 0 and I Base = 90 μA, the baseline restorer can be switched off and on, and, therefore, the impact of the baseline restoration can be studied in detail. 1 Jitter of the threshold crossing time due to the rise time of the shaped signal. Due to the negligible dead time of the comparator (1.3 ns), the programmable dead time can be varied in data analysis leading to results with different programmable dead times. In Fig. 4 unshaped (amplifier gain of 10000) and bipolar shaped muon and 137 Cs γ signals in an sMDT tube with ASBC read-out without and with baseline restoration are shown. The baseline restoration suppresses the undershoot and reduces the time until the baseline is restored by about a factor of two.
V. EFFECT OF BLR ON DRIFT TUBE PERFORMANCE
An sMDT chamber has been irradiated with a 24 MBq 90 Sr electron source (see Fig. 5 ). While seven out of eight sMDT layers were read-out with the standard ATLAS MDT readout chip and used for muon track reconstruction, the eighth layer, so-called analysis tubes, was read-out with the ASBC. Scintillation detectors were used as trigger and a 30 cm iron block for hardening of the muon spectrum.
In Fig. 6 the measured resolution and 3σ-efficiency 2 as a function of the electron background hit rate with and without baseline restoration are shown in comparison with a reference measurement conducted with the ASD chip. The resolution measurement is well described by a scattering parameter and SPICE based simulation. The statistical prediction used to explain the measured 3σ-efficiency makes use of the intrinsic read-out electronics dead time due to the pulse length of the background hits. The results show that at high counting rates the measured sMDT single-tube resolution is improved substantially by the shorter peaking time used for the ASBC and can be further enhanced by using baseline restoration. In order to gain a prediction for the impact of BLR at high counting rates due to γ-irradiation, the resolution and 3σefficiency have been simulated with 90 Sr e − -pulses scaled to size of pulses from Compton electrons and taking gain drop due to space charge into account. The results are shown in Fig. 7 and indicate that baseline restoration enhances the measurement resolution and efficiency substantially.
VI. SUMMARY AND CONCLUSION
The performance of sMDT tubes at high background counting rates can be further improved for the use at HL-LHC and future hadron colliders by improving the rate capability of the read-out electronics using baseline restoration in addition to the bipolar shaping. A substantial improvement of the drift tube spatial resolution at high counting rates has been demonstrated in measurements and simulations with a discrete ASD circuit with additional baseline restoration functionality.
